Passive detection of special nuclear material (SNM) is challenging due to its inherently low rate of spontaneous emission of penetrating radiation, the relative ease of shielding, and the fluctuating and frequently overwhelming background. Active interrogation (AI), the use of external radiation to increase the emission rate of characteristic radiation from SNM, has long been considered to be a promising method to overcome those challenges. Current AI systems that incorporate radiography tend to use bremsstrahlung beams, which can deliver high radiation doses. Low-energy ion-driven nuclear reactions that produce multiple monoenergetic photons may be used as an alternative. The 12 C(p,p') 12 C is one such reaction that could produce large gamma-ray yields of highly penetrating 4.4-and 15.1-MeV gamma rays. This reaction does not directly produce neutrons below the ∼19.7-MeV threshold, and the 15.1-MeV gamma-ray line is well matched to the photofission cross section of 235 U and 238 U. We report the measurements of thick-target gamma-ray yields at 4.4 and 15.1 MeV from the 12 C(p,p') 12 C at proton energies of 19.5, 25, and 30 MeV. Measurements were made with two 3" EJ309 cylindrical liquid scintillation detectors and thermoluminescent dosimeters placed at 0°and 90°, with an additional 1.5" NaI(Tl) cylindrical scintillation detector at 0°. We estimate the highest yields of the 4.4-and 15.1-MeV gamma rays of 1.65×10 10 sr −1 µC −1 and 4.47×10 8 sr −1 µC −1 at a proton energy of 30 MeV, respectively. The yield of 4.4 and 15.1 MeV gamma rays in all experimental configurations is greater than a comparable deuteron-driven reaction that produces the same gamma-ray energies -11 B(d,nγ) 12 C. However, a two orders of magnitude increase of the neutron radiation dose is observed when the proton energy increases from 19.5 to 30 MeV.
I. INTRODUCTION
A significant nuclear security concern is the screening and interdiction of shielded SNM, which includes cargo containers, even smaller objects, and movement of illicit materials into and out of enrichment facilities [1, 2] . Over several million ocean cargo containers arrive at United States seaports annually [3, 4] with over half the distribution of incoming containers concentrated at three ports-Los Angeles, Long Beach, and New York [3] . This uneven distribution raises serious concerns about the number of containers that can be accurately scanned without impeding commerce and still maintaining nuclear security vigilance.
The technique of active interrogation (AI) has been of increasing interest in recent years for detecting special nuclear material (SNM) [5] . This is based on an expectation that the increased magnitude and the time structure of the fission signatures imposed by AI can also increase the probability of SNM detection. New and innovative approaches are needed to overcome specific AI application constraints, such as the maximum scanning time and radiation dose. Traditional AI systems tend to employ energetic X-ray transmission radiography us- * mwlin@mx.nthu.edu.tw ing continuous-energy-spectrum bremsstrahlung beams. Such beams can deliver high radiation doses, especially at high electron energies needed to produce sufficiently energetic photons for penetrating radiography and inducing photofission. The lower-energy photons present in the bremsstrahlung spectrum, well below the photofission threshold, have poor penetration through dense objects and may significantly contribute to the imparted radiation dose without inducing fission [6, 7] . As a result, an alternative method for production of quasimonoenergetic, continuously tunable high-energy X-rays that has garnered considerable attention in the recent period is inverse Compton scattering [8] .
Low-energy ion-driven nuclear reactions that produce multiple monoenergetic, high-energy gamma rays could also be used as an alternative to bremsstrahlung in AI applications. Reactions that exhibit a large positive Q-value allow the use of lower-energy (and thus typically smaller and simpler) accelerators to create highly penetrating energetic photons. Such monoenergetic or multiple-monoenergetic AI sources may offer benefits such as improved performance in radiography and higher fission rates per unit of radiation dose. Near monoenergetic photon sources at or near the photo-fission resonance (∼15 MeV) offer a factor of 4 lower lower imparted radiation dose for a bremsstrahlung source with a 19 MeV endpoint energy [6] . Low-energy nuclear reactions, therefore, represent a promising method to produce arXiv:1911.05458v1 [nucl-ex] 13 Nov 2019 quasi-monoenergetic photon beams which could lead to construction of lower-dose, small-footprint systems to detect illicit movement of SNM as well as support a broad range of measurements in the area of nuclear security, nuclear nonproliferation, and nuclear safety. Figure 1 illustrates a conceptual design of one specific application -a cargo screening AI system -where a low energy nuclear reaction source could be used to increase the scanning rate of cargo containers by implementing simultaneous scanning of multiple cargo streams. Such a system must address some of the major specifications for cargo container scanning such as an acceptable radiation dose imparted to the cargo, penetration capability of the AI source, container scanning speed, and material discrimination [9] .
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FIG. 1: Conceptual design of a cargo scanning system using a low-energy nuclear reaction based AI source, where a single source may be used to implement simultaneous scanning of multiple cargo streams [10] .
Several candidate reactions have been previously identified that produce prolific yields of energetic gamma rays, including those above the photofission energy threshold, or neutrons that may also be viable for AI interrogation [11] . Such high-energy particles can be used to penetrate dense cargo to perform transmission radiography for material identification [12] [13] [14] or induce fission [15, 16] . In Ref. [11] several candidate reactions were considered, including (p,γ), (p,αγ), and (d,nγ). Four candidate targets ( 11 B, 7 Li, 19 F, and 15 N) were selected based on the reaction Q-values and gamma-ray energies from the resulting excited nuclei. Protons, deuterons, and tritons were used as projectiles. The 11 B(d,n) 12 C reaction (Q=13.6 MeV) has emerged as one of the leading candidates for an AI source [17] . With deuteron energies of several MeV or higher, this reaction produces a strong 15.1-MeV gamma-ray energy line that is well overlapped with the photofission cross section of 235 U and 238 U [18] . This reaction, however, has a high neutron yield, approximately 20-50 times the relevant gamma-ray yield [12] .
With the continued advancement of superconducting cyclotron technology, more compact, deployable AI systems utilizing nuclear reactions that do not directly produce neutrons with Q-values ≤0 can be envisioned. One such reaction which can excite the 15.1-MeV state of 12 C inelastically is 12 C(p,p') 12 C [19] [20] [21] [22] . This reaction has an incident proton threshold energy of 16.39 MeV for exciting the 15.1-MeV 12 C state and does not directly produce neutrons below the ∼19.6-MeV threshold [23, 24] . Gamma rays at 4.4 MeV are also produced prolifically in this reaction, and can be used in conjunction with 15.1-MeV gamma rays to perform spectroscopic transmission radiography and identify the atomic number of an unknown material [12, 13] . Organic scintillation detectors are typically used to perform fast neutron spectroscopy, where pulse-shape analysis enables the discrimination between neutrons and photons. While it is well-known that low-Z organic scintillators are also sensitive to photons and their response is nearly proportional, photon spectroscopy is usually not attempted due to low efficiency, resolution, and the absence of photopeak features in the light-output spectrum. Although the presence of prominent full-energy deposition peaks is often favored for photon spectroscopy, many common high-Z scintillators depend on expensive crystalline materials with slow decay timing characteristics, which perform poorly in high-rate environments. They can also be costly to scale to large volumes, or may not be able to distinguish between neutron and photon interactions. The fast rise-time and decay-time response of organic liquid scintillator, along with the ability to detect and identify both neutrons and photons, makes it an attractive choice for an AI system that requires simultaneous photons and neutron identification in a mixedradiation high-rate environment. If the photon source has a spectrum that features well-separated discrete energies, discernible spectral features can be observed in the resulting light-output spectrum, which can be exploited to perform spectroscopy [10] .
We present gamma-ray yield measurements of the 12 C(p,p') 12 C reaction made with two organic liquid scintillators placed at 0°and 90°with respect to the proton beam axis, with an additional Na(Tl) detector placed at 0°for experimental validation. We further report neutron and gamma ray dose measurements. We observe an increase in the production rate of gamma rays with an increase in proton energy, as well as a rapid increase in the measured neutron radiation dose with proton energy. The AI source proposed in this work focuses on the key performance parameters-the emitted radiation flux, energy spectrum, and dose rate. Other essential design considerations such as radiation shielding requirements must be considered before final implementation.
II. MATERIALS AND METHODS
The experiments were conducted using the cyclotron located at the Institute of Nuclear Energy Research in Taiwan. This accelerator produces proton pulses at a fixed frequency of 73.2 MHz, and the proton energy can be adjusted from 15 to 30 MeV with a maximum average current of 10 µA delivered to the experimental station. A 6.35-mm-thick natural carbon target consisting of 98.9% 12 C and 1.1% 13 C and an active area of 2 cm × 2 cm was held by an aluminum mount and placed at the center of an aluminum vacuum chamber (20 cm × 20 cm × 20 cm, 1.2 cm-thick). To prevent protons from striking the target mount and generating neutrons at the target location, a 1-cm-thick aluminum collimator was inserted into the upstream beamline for shaping the incident proton beam to a transverse diameter of 1 cm before entering the target chamber. This collimation, however, inevitably produces additional neutrons when protons in the outer radial region of each pulse strike the aluminum collimator. Therefore, a water tank (1 m × 1 m × 1 m) was placed to surround the vacuum pipe for shielding neutrons emitted from the collimator, such that these neutrons can be absorbed before reaching the edge of the 50-cm-thick layer of water. The on-target proton current was calibrated when the target mount was replaced by a Faraday cup, whose output was connected to a digital picoammeter (Keithley, model 486) capable of measuring currents with a resolution of 10 fA.
The radiation produced by the source was measured with one NaI(Tl) scintillation detector, two EJ309 organic liquid scintillation detectors [25] , and pairs of thermoluminescent dosimeters (TLDs). The NaI(Tl) detector were placed at 0 • at a distance of 2.05 m from the carbon target, while the EJ309 liquid scintillation detectors and TLDs were placed at 0 • and 90 • , at the same distance of 1.4 m. Here, the angles are given with respect to the propagation axis of protons incident on the target. The NaI(Tl) dimensions were 1.5" (diameter) × 1.5" (height); the EJ309 detectors were 3" in diameter × 3" in height. Figure 2 shows a diagram of the experimental setup including the aluminum collimator, vacuum target chamber, water tank for neutron shielding, one NaI(Tl) scintillation detector, two EJ309 liquid scintillators, and two paired TLDs. Table I summarizes Signals generated by the scintillation detectors were digitized using an 8-channel, 14-bit, 500-MHz waveform digitizer (CAEN DT5730) with a 992-ns long temporal length for all of the recorded waveforms. The CAEN Multi-PArameter Spectroscopy Software (CoM-PASS) [26] was used to record the integrated charge in two distinct time windows measured with respect to the pulse trigger. We refer to the these two recorded quantities as the long-gate integral (Q long ) and the short-gate integral (Q short ). Pulse-shape analysis was performed on the digitizer field-programmable gate array by calculating the pulse shape parameter (P SP ) for each signal waveform, defined as
For the NaI(Tl) detectors, Q long and Q short were defined as the total charge in the time windows [t s , t s +400 ns] and [t s , t s +100 ns], respectively, with the reference delay t s = 50 ns after the leading edge trigger. The time windows for the EJ309 detectors were [t s +400 ns] and [t s +54 ns] for Q long and Q short , respectively, where the trigger delay was set to t s = 10 ns. By performing the fiducial cut in the PSP-light output parameter space of the EJ309 response, single-photon events can be distinguished from both neutron and pileup events. A PSP-light output scatter plot with the fiducial cuts (red) for one of the EJ309 detectors and the NaI(Tl) detector is shown in Fig. 3 and Fig. 4 . Also in Fig. 3 , the neutron light-output response for 19.5-, 25-, and 30-MeV protons incident on a natural carbon target is shown indicating an increase in neutron energy with increasing incident proton energy.
Fiducial cuts were used to select photon and reject pileup events, and events within the respective cuts were used to produce the photon light-output distributions for each detector for three proton-projectile-target experimental configurations. Figure 5 shows a representative photon light-output distribution which corresponds to the EJ309 detector response at 90°at a proton energy of Photon and neutron radiation doses at 0°and 90°were measured and distinguished from each other based on the dual-TLD method [28] . In this method, pairs of TLD 600 and TLD 700 chips (3.2 × 3.2 × 0.89 mm, Harshaw) were placed at the distance 1.4 m away from the carbon target at each angle. The TLD 700 is primarily sensitive to photons, since 99.993% of its lithium isotope content is 7 Li, which exhibits a much lower neutron response than that of 6 Li. In contrast, the 95.62% enrichment of 6 Li in TLD 600 allows it to record the dose contributed from both neutrons and photons. By placing paired TLDs in a mixed photon-neutron field, the TLD 600 reading Q 6 accounts for the majority of neutron response reading Q 6,n and the minority of photon response reading Q 6,p ; while the TLD 700 reading Q 7 is dominated by the photon response reading Q 7,p when compared to the neutron response reading Q 7,n .
In our experiments, the total reading Q 6 and Q 7 measured at a given proton energy is averaged from three TLD chips of each type placed at each angle, which also allows for consistency checks. Note that, when TLD 600 and TLD 700 are placed at the same position, the measured Q 6,p and Q 7,p represent the same photon dose. This photon dose D ph can be calibrated as
where CF x,p stands for the calibration factor and x = {6, 7} relates to TLD 600 and TLD 700, respectively. These calibration factors were measured to be CF 6,p ∼ 1.6 × 10 −5 mGy/nC and CF 7,p ∼ 1.8 × 10 −5 mGy/nC using the 137 Cs field established in a dedicated calibration setup. Once the photon dose D ph is determined from the TLD 700 measurements, the photon response Q 6,p of TLD 600 included in the total reading Q 6 can be estimated by
since TLD 600 experiences the same D ph as the paired TLD 700. As a result, the neutron response reading Q 6,n of the TLD 600 is determined from
The TLD 600 chips were calibrated using a 252 Cf source, yielding a factor CF H,n ∼ 2 × 10 −5 mSv/nC, which relates the neutron response Q 6,n to the neutron dose equivalent H n (mSv):
III. LIGHT-OUTPUT SPECTRUM SIMULATION
Monte Carlo simulations were performed using Geant4.10.3 [29] to help assess the spectral features in the recorded photon light-output distributions. The physics list QGSP BERT HP is used to model the particle interactions. The model includes the carbon target, vacuum chamber, collimator, water tank, and the surrounding concrete wall; in this way, the effect of shielding and the production of bremsstrahlung can be investigated and applied when analyzing the experimental results.
To investigate the continuum observed in the 5-10 MeV energy range, a simulation of high-energy proton interactions in a 1-cm-thick aluminum slab was performed. Bremsstrahlung photons propagate through the water tank and their energies are tallied. The softened spectrum is then used to sample the energy of a new group of photons, for which the direction of propagation is biased towards the detector. The simulated detector response to the bremsstrahlung is obtained and smeared with the resolution function. The resolution is parameterized as outlined in Ref. [27] . Monte Carlo simulations of high-energy gamma-ray (4.4 and 15.1 MeV) interactions in the EJ309 detectors have also been performed to obtain the responses of individual detectors used in the experiments.
To calculate the gamma-ray yields at 4.4 and 15.1 MeV, four individual spectra -measured background, simulated response to bremsstrahlung at the respective proton energy, and the simulated responses to 4.4 and 15.1 MeV photons -are fit to the measured data. A χ 2 -analysis was used to determine the parameters that maximize the agreement between the measured and the simulated detector responses. Local function minimization was performed using MIGRAD, HESSE, and MI-NOS algorithms as implemented in the ROOT framework [30] . This analysis was conducted for each detector at each of the three proton energies. The resulting fit spectra were used to calculate the yields of 4. bremsstrahlung are scaled and added to the background spectrum such that their sum matches the experimental light output response. Individual contributions to the simulated spectra, the combined simulated spectra, and the experimental spectra for the EJ309 detector detector at 90°and the NaI(Tl) detector detector at 0°are shown in Fig. 6 . In this example, protons (E p = 25 MeV) are incident onto a thick natural carbon target over a measurement time of 8 hours. The final combined fit for one of the experimental configurations for the NaI(Tl) detector and EJ309 detector is shown in Fig. 7 . The fit spectra show good agreement over the broad light-output range of interest. By calculating the area under the simulated detector response for the individual contributions of 15.1-and 4.4-MeV gamma rays and knowing the on-target current used during the experiment, the absolute detection efficiency obtained from the simulation, and the experimental measurement time, we estimate the production rates of 4.4and 15.1-MeV gamma rays. Pileup corrections have been applied to the production yields in accordance with the procedure outlined in Ref. [13] . 
IV. RESULTS & DISCUSSION
The results show the expected trend: as the energy of the protons is increased, the yield of high-energy gamma rays increases. The 15.1-MeV gamma-ray yield at 0°from 12 C(p,p') 12 C reaction is a factor of 1.3, 14.8, and 55.5 (sr −1 µC −1 ) greater at proton energies of 19.5, 25, and 30 MeV, respectively, than the yield of 15.1-MeV gamma rays from 11 B(d,n) 12 C reaction at 0°angle with 3-MeV deuteron energy [12] . The increase in the 15.1-MeV gamma-ray yield measured at 90°is even greater compared to the 11 B(d,n) 12 C reaction. A summary of 4.4and 15.1-MeV gamma-ray yields are listed in Table II and III with the corresponding values plotted in Fig. 8 and Fig. 9 , respectively.
The threshold for neutron production in the 12 C(p,n) reaction is 19.64 MeV [23] . However, neutrons can also be produced below this threshold, for example from isotopic impurities such as 13 C in the target and from energetic gamma rays produced in the target and interacting in the surrounding materials. The presence of fast neutrons is confirmed in Fig. 3 , where proton energy was below the 12 C(p,n) threshold. The results indicate that as the energy of the protons is increased, the endpoint of the light output distribution corresponding to neutrons increases, and therefore the energy of the produced neutrons also increases. Further, we observe an increase in the total number of observed neutrons with increasing incident proton energy. The photon and neutron dose equivalents are associated with the measured total readings Q 7 and Q 6 of TLD 700 and TLD 600 and are shown in Table IV . Each reading is averaged from the results of three independent chips and the uncertainty is quoted as the associated standard deviation. Because the photon flux is larger than the neutron flux in the experimental environment and the TLD 700 is much less sensitive to neutrons than TLD 600 (for neutron energy 10 MeV) [28] , the total When E p = 19.5 MeV, TLD 600 results indicate that the neutron flux is much lower than the photon flux, so that the neutron reading Q 6,n is represents a minor component of the Q 6 response. This low neutron flux is near the detection limit of TLD 600, resulting in the significant uncertainties of the measured Q 6 and the estimated Q 6,n . When the proton energy is increased to E p = 25 and 30 MeV, Q 7 and Q 6 readings also increase as a result of the increased photon and neutron flux. Note that for TLD 600, the neutron reading Q 6,n becomes comparable to the corresponding photon reading Q 6,p = Q 6 − Q 6,n for E p = 25 MeV, while Q 6,n can greatly surpass Q 6,p with E p = 30 MeV. The neutron dose equivalent H n in Table V was evaluated using Eq. (5) . The TLD data in Tables IV and V indicate a two orders of magnitude increase of the neutron dose equivalent at 0 • when the proton energy is increased from 19.5 to 30 MeV; a mod- erate five-fold enhancement is obtained for the photon dose over the same proton energy range.
V. CONCLUSIONS
The measured current-normalized thick-target 4.4-and 15.1-MeV gamma-ray yields from 12 C(p,p') 12 C at both 0°and 90°are greater than the previously measured 11 B(d,γn) 12 C 0°yield at the 3-MeV incident deuteron energy for all tested proton energies. The highest 15.1-MeV photon yield was measured at a proton energy of 30 MeV at 90°, and represents a 72.1-factor increase over 11 B(d,γn) 12 C at 0°. The photon dose measurements show increases in photon dose which are nearly commensurate with the increase in the measured 4.4-MeV gammaray yield as the proton energy is increased. Figure 10 shows the gamma-ray yield normalized to the yield at E p = 19.5 MeV and neutron dose, at three proton energies used in the experiment. Unlike the photon dose, the neutron dose increases at a rate much greater than the 15.1-MeV photon yield as the proton energy is increased in the range of 19.5-30 MeV. There is a two orders of magnitude increase of the neutron dose when the proton energy is raised from 19.5 MeV to 30 MeV, while a factor of approximately five is observed for the photon dose over the same proton energy range. Increasing the proton energy up to 30 MeV results in increases of gamma-ray yields, but these are outpaced by the increases in neutron dose.
An AI system for cargo scanning of sea-going containers based on the 12 C(p,p') 12 C reaction could potentially address some of the key technical specifications required for new AI systems [9] . By taking advantage of the emission of the gamma rays into a large solid angle, even multiple cargo scanning streams may be feasible with a single source, thereby increasing the container throughput. With no direct neutron production at proton energies below 19.5 MeV, the 12 C(p,p') 12 C reaction should further reduce the neutron shielding requirements and lower the total radiation dose imparted to cargo or stowaways [17] . The reduction in the amount of required shielding would also reduce the overall geometric footprint of the system -another important specification. The gamma-ray energies produced by this reaction would provide higher penetration capability than existing bremsstrahlung systems (6-and 9-MeV photon energy endpoints) while enabling robust material discrimination by means of dual-energy photon radiography [12, 13] .
